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Carbon fibre reinforced plastic (CFRP) composites offer high stiffness and strength but 26 have a ballistic performance that is inferior to that of ultrahigh molecular weight polyethylene 27 Dyneema  cross-ply laminates. This study explores whether the ballistic resistance of CFRP 28 composites can be improved by altering the matrix shear strength, as motivated by the 29 observation that Dyneema  possess a low shear strength.
30
Recent investigations have suggested that the high impact resistance of Dyneema played by the matrix shear strength on ballistic performance, Karthikeyan et al. [1] 55 demonstrated that uncured CFRP laminate has a higher ballistic limit than that of the fully 56 cured CFRP laminate. A strong dependence of ballistic limit on matrix properties is also 57 deduced from the tests of de Ruijter et al. [23] on an aramid-based composite, although the 58 penetration mechanism was not determined. 59
The objective of the current study is to provide a comprehensive experimental 60 investigation to understand: (i) the effect of matrix cure on the failure mechanism and ballistic 61 resistance of CFRP composites, (ii) the difference in quasi-static and dynamic response of 62 CFRP composites, and (iii) the potential to improve the ballistic resistance of CFRP composites 63 by suppressing the shear plugging mechanism. To achieve this objective, composite beams 64
were manufactured with various states of cure and then subjected to three types of tests: (i) a 65 considered, with the following labelling procedure employed throughout this study: (A) 71 uncured, (B) partially cured at 100  C for 2 hours, (C) partially cured at 120  C for 2 hours, 72 (D) partially cured at 120  C for 2 hours and 15 minutes, (E) partially cured at 180  C for 73 24 hours, and (F) autoclaved fully cured specimens. 74
The laminates were laid-up by hand, and then cut using a band saw into rectangular 75 beams dimensions of height H = 4 mm (32 plies), breadth B = 11 mm, length L = 300 mm, 76 and areal density A  = 6.28 kg/m 2 . A portion of these uncured beams were tested in this state 77 (A). The partially cured composites of types (B) to (E) were prepared by placing most of the 78 uncured beams in an air-oven using the above-mentioned cure cycles and were compressed in-79 situ at 0.1 MPa in the out-of-plane direction by spring-loaded platens. The fully cured 80 specimens (F) were autoclaved following the procedure recommended by Hexcel Ltd. [24] . 81
The matrix shear strength of the laminates was then measured by performing short beam shear 82 test at a quasi-static loading rate (following the recommendation in ASTM standard D2344). 83
4
The shear tests are given in Appendix A. Table 1 summarises the curing process and the matrix  84 shear strength and the shear modulua of laminates type (A) to (F). With the exception of the 85 fully cured material (F), all laminates were stored at -15  C to avoid further curing and slowly 86 re-elevated to room temperature over a period of 5 hours prior to testing. With the exception 87 of the fully cured material (F), all laminates were stored at -15  C for a duration of less than 30 88 days (a duration well below the expiry date of the prepregs) to avoid further curing and slowly 89 re-elevated to room temperature over a period of 5 hours prior to testing. 90
3
Test Methods the indenter were made from hardened silver steel (700 Vickers) and were lubricated with a 100 low viscosity mineral oil in order to reduce the role of friction. 101 Materials (A) and (B) were tested using a screw-driven test machine with a 150 kN load 102 cell, whereas materials (D) to (F) were tested using a servo hydraulic test machine with a 1 MN 103 load cell. For consistency, all specimens were tested with the fibres of the top ply lying parallel 104
to the were subjected to a cropping test at a quasi-static loading rate using a screw-driven test machine 114 with a 150 kN load cell. Specimens were placed between a hardened steel indenter (with a 115 square bottom of 12 ll  = 12.5 mm in the x-y plane) and two back supports of spacing 18.5 116 mm, thereby creating a clearance c = 3 mm (with / cH = 0.75) between the steel supports 117 and the indenter (see Fig. 2b ). Again, a radius R = 0.3 mm was introduced into the edges of 118 the indenter and the steel support in order to reduce the stress concentration. Both the supports 119 and the indenter were made from hardened silver steel (700 Vickers) and were lubricated with 120 a low viscosity mineral oil. As for the indentation tests, the specimens were placed so that the 121 fibres in the top ply were parallel to the x-direction in the figure The composite beams were adhered to a rigid steel foundation using double-sided 143 adhesive tape so that they had a span length s L = 250 mm (as illustrated in Fig. 2c ). Specimens 144 were placed with the fibres of the top ply lying parallel to the x-direction in the figure. The 145 centre of the top face of the specimens was impacted in the out-of-plane direction using a 146 hardened steel cuboid shaped projectile with a square cross-section of 12 ll  = 12.5 mm in 147 the x-y plane, a length 3 l = 9 mm in the z-direction, and a mass of Table 2 ; the peak pressures are 171 all on the order of 1 GPa. We note in passing that the indirect tension mechanism was 172 responsible for failure in these uniaxial compression tests. 173
The value of 
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The measured shear strength from the cropping test c  is compared in Table 3 Conversely, when a composite beam is subjected to a cropping test, shear plugging becomes a 260 possibility (as sketched in Fig. 11b) , and is activated if the shear plugging force is less than that 261 for indirect tension. This is now made precise. 262
In the cropping test, the load required to cause shear failure that the penetration velocity of these aramid laminates was independent of the matrix modulus 299 within the range of 0.01 GPa to 1 GPa, whereas the penetration velocity decreased along with 300 the matrix modulus in the range of 1 GPa to 10 GPa. They proposed that, at the high modulus 301 level (i.e. 1 GPa to 10 GPa), the increase in friction between the fibres may result in a reduction 302 in fibre mobility and give rise to premature fibre breakage. Their results are in agreement with 303 the findings of the current study, although their interpretation differs. were calculated based on the through-thickness tangent modulus of the composite beams 363 measured from the quasi-static indentation tests at  = 5% and 10%, respectively (see Table   364 2). The composite beams that were subjected to quasi-static indentation with rigid back 376 supports all exhibited an indirect tension failure mode that consisted of ply-by-ply tensile 377 failure in the local fibre direction. Composite beams that were subjected to quasi-static 378 cropping tests failed in a shear plugging mode that involved transverse matrix cracks, ply 379 delamination, and fibre fracture beneath the edge of contact. In the ballistic impact tests, CFRP 380 beams with a high matrix shear strength (30 to 100 MPa) failed by a brittle shear plugging 381 mode. As the matrix shear strength was reduced from 100 MPa to 22 MPa, the penetration 382 15 velocity doubled. Once the matrix shear strength had decreased below 22 MPa, the failure 383 mode switched to indirect tension. In this failure regime, the penetration velocity remained 384 elevated and was independent of matrix shear strength. Specimens with matrix shear strength 385 of 22 MPa appear to offer both acceptable penetration resistance and structural performance. 386
The above findings suggest a research direction for increasing the ballistic resistance of 387 CFRP laminates. At present, CFRP laminates offers superior structural properties under quasi-388 static loading conditions but provides weaker impact resistance in dynamic environments 389 compared to composites manufactured from flexible fibres such as Dyneema  and Kevlar  . 390
We attribute this reduced ballistic resistance to a brittle shear plugging failure mode and we 391 demonstrate that the impact resistance can be increased by the reduction of matrix shear 392 strength. This creates the possibility of designing composite structural armour from CFRP 393 laminates that can offer high impact resistance joined with adequate structural performance. 394 . Results are listed in Table 1 . 495
In all tests, materials (A) and (B) showed a ductile shear response and the tests were 496 terminated at   40%. For these materials, the matrix shear strength was defined as the shear 
